Abstract: This study examines single trial hemodynamic response estimation in event-related fNIR spectroscopy. In a working memory task, the estimates of single trial hemodynamic responses in dorsolateral prefrontal cortex are compared across subjects.
It has been shown that the hemodynamic response evolves over a 10 to 12 seconds period, even if the eliciting stimulus itself is very brief (on the order of milliseconds) [5] [6] [7] [8] . When stimuli are presented with sufficient temporal separation, the corresponding hemodynamic response to each stimulus can be obtained and modeled as a gamma function. However, in most cognitive studies, stimuli are presented much more rapidly than every 10-12 secs. Although the slow nature of the hemodynamic response presents a challenge to data analysis, rapidly presented trials that overlap in time can be separated. The basis of separation is the finding that sequential hemodynamic events can be modeled by summating responses in a 'roughly' linear fashion [5] . To our knowledge, this study represents the first event-related fNIR study where individual evoked hemodynamic responses are modeled so that physiologically meaningful features can be extracted for classification purposes. Each evoked hemodynamic response was estimated on the basis of two postulates: 1) that each single-trial hemodynamic response was in the form of a gamma function, and 2) that the total oxygenation data could be modeled by the linear summation of individual hemodynamic responses evoked by rapidly presented stimuli. Each single trial was estimated by optimizing the error between the total oxygenation data from fNIR measurements and the linear model. Using this approach, no further assumptions were necessary regarding the amplitude, time parameters, or equivalence of the hemodynamic responses, which can vary in studies of cognitive function. Features were extracted that could be used to classify various aspects of cognition, e.g., task load or performance (correct or incorrect responses). The model and the single trial hemodynamic response estimation algorithm were tested using a working memory task, the "n-back" task [9] . Figure 1 . Once each hemodynamic response was obtained for each single trial, the selective features (amplitude, full width half maximum (FWHM) and time to peak) were extracted for classification purposes for this particular trial.
2.B. Model Fitting for Single Trial Detection:
The oxygenation data measured by fNIR was fitted to a linear model, where each hemodynamic response to N single trials or stimuli (whether they are presented rapidly, resulting in response overlap, or not) were summed to form the total oxygenation data Oxy, as given below:
where hf i is the evoked response for i th stimulus presented at time t i represented by a gamma function with unknown parameters expressed as:
It was assumed that background activation in the brain unrelated with the stimulus presentation was random with respect to oxygenation data, contributing only an additive constant, which was modeled by B i components in hf i s.
The unknown parameters (A i , α i , β i , B i ) of all N number of hf i s are found by minimizing the mean square error between the total oxygenation data, Oxy and the model using a least mean squares curve fitting technique as follows:
3. Results and Discussion 3.A. fNIR Device: Our flexible fNIR probe has 4 light sources (LEDs) having 2 wavelengths of 730nm and 850 nms and 10 photo detectors separated from the sources by 3 cm. The placement of sources and detectors allows 16 channels of data to be collected from the prefrontal cortex of the subjects (please see [2] for more information).
3.B. Subjects:
Informed consent was obtained from 12 neurologically normal right-handed subjects of ages between 18-35. Prior to the study, all subjects were familiarized with the task in a practice session. 
3.C. N-Back Protocol:
The n-back task is a sequential letter task with varied workload conditions that has frequently been used to assess working memory by cognitive psychologists and neuroscientists [9] . The stimuli are single consonants presented centrally, in pseudorandom sequences, on a computer monitor. Stimulus duration was 500 ms, with a 2500-ms interstimulus interval. Four conditions were used to incrementally vary working memory load from zero to three items. In the 0-back condition, subjects respond to a single prespecified target letter (e.g., ''X'') with their dominant hand (pressing a button to identify the stimulus). In the 1-back condition, the target was defined as any letter identical to the one immediately preceding it (i.e., one trial back). In the 2-back and 3-back conditions, the targets were defined as any letter that was identical to the one presented two or three trials back, respectively. Subjects pressed one button for targets (approximately 33% of trials) and.another for nontargets. This strategy incrementally increased working memory load from the 0-back to the 3-back condition.
3.D. Single Trial Detection Results for N-Back Task:
The evoked hemodynamic responses for each of the 20 single trials were obtained within an n-back block using the model and the measured fNIR oxygenation data. Analyses were performed for 28 blocks within one complete n-back test for each of the 12 subjects and for each of the 16 channels of the fNIR sensor. Then, for each subject, the estimated 20 hemodynamic responses of 7 trials were grouped (hence a total of 140 hemodynamic response estimates) for each of the four workload condition. Peak amplitudes were extracted and averaged for each for each subject, workload condition, and channel. The acrosssubject average of the peak amplitude for left (a) and right hemisphere (b) are presented in Figure 2 . These results suggest a positive relationship between increasing workload the peak amplitude of the hemodynamic response. These data are in agreement with fMRI data suggesting that increased working memory workload is associated with increased oxygenation in dorsolateral prefrontal cortex [9] . 
4.Conclusion
This paper presents a novel technique for modeling the hemodynamic response in event-related fNIR spectroscopy. The oxygenation data measured by the fNIR was modeled using a linear model obtained by the summation of each evoked hemodynamic response to each single trial and fitted to a gamma function. The strength of this technique is that is does not make assumptions about the time parameters or equivalence of the hemodynamic responses, which may vary in studies of cognitive function. The model parameters for each evoked hemodynamic response were estimated by minimizing the mean square error between the total linear model and the measured oxygenation data. The results of this procedure, tested in a working memory paradigm, are promising. The results demonstrate that single-event evoked responses can be extracted from overlapping hemodynamic responses elicited by stimuli in close temporal proximity in a working memory task.
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